A wide spectrum of DNA lesions are repaired by the nucleotide-excision repair (NER) pathway in both eukaryotic and prokaryotic cells. We have developed a cell-free system in Saccharomyces cerevisiae that supports NER. NER was monitored by measuring repair synthesis in DNA treated with cisplatin or with UV radiation. Repair synthesis in vitro was defective in extracts of radl, rad2, and radlO mutant cells, all of which have mutations in genes whose products are known to be required for NER in vivo. Additionally, repair synthesis was complemented by mixing different mutant extracts, or by adding purified Radl or RadlO protein to radl or radlO mutant extracts, respectively. The latter observation demonstrates that the Radl and RadlO proteins directly participate in the biochemical pathway of NER. NER supported by nuclear extracts requires ATP and Mg2+ and is stimulated by polyethylene glycol and by small amounts of whole cell extract containing overexpressed Rad2 protein. The nuclear extracts also contain base-excision repair activity that is present at wild-type levels in rad mutant extracts. This cell-free system is expected to facilitate studies on the biochemical pathway of NER in S. cerevisiae.
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Cells exposed to UV radiation and a wide variety of chemical agents are subject to DNA damage. The major cellular response to these mutagenic and/or lethal modifications is to correct the chemically altered bases in DNA by enzymecatalyzed excision repair pathways. Depending on the operative excision mechanism the repair process is distinguished as base-excision repair (BER) or nucleotide-excision repair (NER) (1) . BER results in the removal of damaged or inappropriate bases by cleavage of N-C glycosylic bonds, leading to the release of free bases and the formation of apurinic/apyrimidinic (AP) sites in DNA, which are processed subsequently. NER removes modified bases by endonucleolytic incisions near sites of damage, leading to the release of oligonucleotide fragments. Both repair pathways require repair synthesis to fill gaps in the DNA resulting from the incision and excision processes (1) .
NER is endowed with the unique capacity to handle a large spectrum of different types of base damage. It remains unexplained how this ubiquitous process provides both the recognition of diverse types of damage that share no obvious common denominator and the subsequent specific incision of DNA at these sites. Genetic studies have demonstrated a requirement for multiple genes in this process in the yeast Saccharomyces cerevisiae and in mammalian (including human) cells (2, 3) . Little is known about the molecular mechanism of NER in eukaryotic cells. However, the recent demonstration of this process in extracts of human cells (4) offers considerable promise for understanding this phenomenon in mammalian cells.
We have chosen S. cerevisiae as a eukaryotic model to investigate the biochemistry and molecular biology of NER. Genetic and molecular biological studies have yielded considerable information on NER in this organism (2, 5) . However, efforts to dissect the biochemistry of this repair pathway have been limited by the lack of an appropriate cell-free system. In this report we describe such a system derived from nuclear extracts of S. cerevisiae supplemented with small amounts of specifically prepared whole cell extract. We demonstrate its dependence on the RAD genes known to be required for NER and show in vitro complementation of defective NER in rad mutants by the addition of purified Rad proteins.
MATERIALS AND METHODS
Strains and Plasmids. The S. cerevisiae wild-type strains used were CL1265-7C (6) and SF657-2D (7). The rad mutant strains used were SF657-2DradlA, BJ2168rad2::URA3, and BJ2168radiOA (7). The overexpression plasmids pG12-RAD1, pG12-RAD2, and pG12-RAD10 contain the RADI, RAD2, and RADIO genes, respectively, under GAL) promoter control (8-10). Plasmids pGEM-3Zf(+) and pUC18 were used for repair synthesis assays and were purified as described (7).
Yeast 5 min, after which nuclei were harvested by centrifugation at 13,000 rpm for 30 min at 4°C. Extracts were prepared from nuclei as described (7).
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Whole Cell Extracts. Yeast cultures (50 ml) grown at 30°C in YNB medium to logarithmic phase were harvested by centrifugation and suspended in 0.8-1 ml of 20 mM Hepes-KOH, pH 7.6/10 mM MgSO4/10 mM EGTA/5 mM dithiothreitol/2% (vol/vol) glycerol with protease inhibitors. Cell suspensions were transferred to 1.5-ml microcentrifuge tubes and zirconium beads were added to the top of each tube. Cells were disrupted with five 2-min pulses in a MiniBeadbeater (Biospec Products, Bartlesville, OK). Clarified extracts were obtained by centrifugation in a microcentrifuge for 15 min at 4°C.
Damaged DNA. Plasmid pUC18 DNA (100 ,ug/ml) in TE buffer (10 mM Tris HCl, pH 7.5/1 mM EDTA) was incubated with cis-dichlorodiammineplatinum(II) (cisplatin) at a drug/ nucleotide molar ratio of 0.005 at 37°C for 20 h in the dark. The reaction was stopped by the addition of NaCl to 0.5 M, and the DNA was purified by centrifugation in a linear 5-20% sucrose gradient (7). pUC18 DNA was treated with osmium tetroxide as described (11). pUC18 DNA containing pyrimidine dimers and 6-4 photoproducts but depleted oflesions for BER was prepared by repeatedly treating UV-irradiated DNA with Escherichia coli endonuclease III and purifying the DNA by centrifugation in a gradient (7).
DNA Repair Synthesis. Standard reaction mixtures (50 ,ul) contained 300 ng of damaged plasmid pUC18, 300 ng of undamaged plasmid pGEM-3Zf(+) DNA, 45 mM Hepes-KOH (pH 7.8), 7.4 mM MgCl2, 0.9 mM dithiothreitol, 0.4 mM EDTA, 2 mM ATP, 20 ,uM dATP, 20 ,uM dGTP, 20 ,uM dTTP, 8 ,uM dCTP, 1 ,uCi of [a32-P]dCTP (3000 Ci/mmol; 1 Ci = 37 GBq), 40 mM phosphocreatine (disodium salt), 2.5 jug of creatine kinase, 4% glycerol, 5 ug of bovine serum albumin, 5% polyethylene glycol 8000 (PEG), 50 ,ug of yeast whole cell extract containing overexpressed Rad2 protein, and 250 ug of yeast nuclear extract. After incubation for 2 hr at 30°C, plasmid DNA was purified and linearized with Hindlll enzyme as described (12). DNA was resolved by 1% agarose gel electrophoresis in the presence of ethidium bromide (0.5 ,ug/ml). After drying, the gels were autoradiographed. To determine repair synthesis quantitatively, DNA bands were sliced from the dried gels and radioactivity was measured by liquid scintillation counting. RESULTS DNA Repair Synthesis During NER in Yeast Nuclear Extracts. We previously reported the preparation of yeast nuclear extracts that support BER but lack detectable NER activity (7, 11). In the present studies we made several modifications to the preparation of these extracts. Most significantly, we added 50 ,ug of a whole cell extract containing overexpressed Rad2 protein, as well as PEG (5% final concentration) to all repair reactions. Additionally, we used yeast lytic enzyme (70,000 units/g) instead of Zymolyase 20T
or Zymolyase 100T to prepare yeast spheroplasts. We also eliminated a previously described (7) incubation treatment at 30°C immediately following spheroplast formation.
NER was measured by the incorporation of radiolabeled nucleotides into plasmid DNA during repair synthesis as originally described by Wood et al. (4) with extracts of mammalian cells. Using cisplatin-modified plasmid DNA as a specific substrate for NER (13-15), we detected damagedependent repair synthesis in nuclear extracts from wild-type yeast strains (Fig. 1, lanes 2-4) . When whole cell extract containing overexpressed Rad2 protein was excluded from the reaction mixture, the levels of repair synthesis were dramatically reduced (Fig. 1, compare lanes 1 and 2) . Whole cell extract alone did not support detectable repair synthesis, however, even when it contained overexpressed Rad2 protein (data not shown). We extended these results to UV-irradiated plasmid DNA. After irradiation at 254 nm the DNA was repeatedly treated with E. coli endonuclease III (16) and then purified by sucrose gradient sedimentation. The resulting DNA is expected to be largely, if not totally, depleted of endonuclease III-sensitive sites, which are recognized by the BER pathway (7). When this substrate was incubated with supplemented nuclear extracts from wild-type strains, damage-specific DNA repair synthesis was again readily observed (Fig. 2,  lanes 1 and 2) .
Dependence of Repair Synthesis on RAD Genes and in Vitro Complementation in rad Mutant Extracts. NER in S. cerevisiae is strictly dependent on multiple genes, including RADI, RAD2, and RADIO (2). Hence, if the cell-free system described here reflects bona fide NER, repair synthesis should be dependent on these genes. Accordingly, we examined DNA repair synthesis in nuclear extracts from various rad mutants. Repair synthesis of UV-irradiated DNA containing mainly pyrimidine dimers and 6-4 photoproducts was drastically reduced in radl (Fig. 2, lane 3) and radiO (lane 4) nuclear extracts. The small amount of residual damagedependent repair synthesis observed probably reflects BER of remaining pyrimidine monoadducts (see below). Consistent with this interpretation, no damage-dependent repair synthesis was detected in nuclear extracts from radiO, radi, or rad2 cells incubated with cisplatin-modified DNA (Fig. 3,  lanes 3, 6, and 10, respectively) .
Defective repair synthesis in extracts of rad mutants was complemented by mixing different rad mutant extracts-e.g., mixing radl and radiO nuclear extracts (Fig. 3, lanes 4 and 7) , or mixing rad2 nuclear extract with radl whole cell extract containing overexpressed Rad2 protein (Fig. 3, lane 11) . Similar correction was observed by the addition of the appropriate purified wild-type Rad protein. Thus, RadlO protein purified to apparent homogeneity specifically complemented radiO mutant extracts but had no effect on radi extract (Fig. 3, lanes 2-5) . Radl protein purified to apparent homogeneity specifically complemented radl mutant extract BJ2168radiOA (lane 4), using UV-irradiated plasmid pUC18 DNA that had been repeatedly treated with E. coli endonuclease III to remove lesions for base excision repair (7). Whole cell extracts added to each reaction were from SF657-2DradlA(pG12-RAD2) (lanes 1-3) and BJ2168radlOA(pG12-RAD2) (lane 4). Bands of undamaged and damaged DNA are indicated by -UV and + UV, respectively. but had no effect on radiO extract (Fig. 3, lanes 6-9) .
Collectively, these results demonstrate that repair synthesis in this S. cerevisiae cell-free system reflects NER of DNA.
Requirements for NER in Vitro. We investigated some of the factors that are important for the NER reaction in vitro. Fig. 4 shows the results of a quantitative analysis. Maximal repair synthesis in nuclear extract requires whole cell extract (50 ,ug) from yeast in which Rad2 protein was overexpressed, Mg2+, ATP, PEG, and an ATP-regenerating system. The residual repair synthesis observed in the absence of added Mg2+ (bar 2) may reflect the low concentration of Mg2+ contributed from the buffer used for preparing nuclear and whole cell extracts.
BER Activity in Yeast Nuclear Extracts. As indicated above, we previously described the preparation of nuclear extracts of S. cerevisiae that support BER but not NER (7, 11). We therefore asked whether the modifications described here continue to provide detectable BER, defined as RAD gene-independent repair synthesis of osmium tetroxidetreated DNA (7). As shown in Fig. 5 (lane 1) , repair synthesis of osmium tetroxide-treated plasmid DNA was readily detected with 80 ,g of radl nuclear extract lacking added whole cell extract that contained overexpressed Rad2 protein. Similar levels of repair synthesis were observed in the same extract in the presence of whole cell extract (Fig. 5, lane 3) . These results indicate that yeast nuclear extracts supplemented with whole cell extract in which Rad2 protein is overexpressed support both modes of excision repair. Accordingly, the residual repair synthesis observed in the rad mutant extracts in Fig. 2 may have resulted from BER of residual endonuclease III-sensitive sites. In lanes 4 and 7, 50 ,ug of radi or radlO nuclear extract was added for complementation, respectively. Purified RadlO protein was added as 160 ng of protein (lane 5) or 800 ng (lane 2), and purified Radl protein was added as 600 ng of protein (lanes 8 and 9) . WT, wild-type SF657-2D; radl, rad2, and radiO, nuclear extracts from corresponding mutant strains; RAD1 and RAD10, purified Radl (A. J. Bardwell, L. Bardwell, E.C.F., N. Tappe, and A. Tomkinson, unpublished work) and RadlO (9) proteins, respectively; RAD2, whole cell extract (100 ,ug) containing overexpressed Rad2. Whole cell extracts were from strains SF657-2DradlA(pG12-RAD2) (lanes 1, 2, 6-8, and 11) and BJ2168radiOAv(pG12-RAD2) (lanes 3-5 and 9).
DISCUSSION
We have developed a cell-free system from the yeast S. cerevisiae that supports NER. This conclusion is based on Factors affecting DNA repair synthesis during NER in yeast nuclear extracts. Standard repair synthesis was carried out for bar 1. In separate reactions one or more components of the standard reaction mixture were excluded from the reaction and repair was allowed to proceed for 2 hr at 30°C. Bar 2, no added MgCl2; bar 3, no added phosphocreatine and creatine kinase, to eliminate ATP regeneration (NaCl was added to 80 mM to maintain a standard Na+ concentration); bar 4, no added ATP; bar 5, no added PEG; bar 6, no added whole cell extract. All reaction mixtures contained the same amount of total extract protein. Nonspecific background DNA synthesis (12-38 fmol) was subtracted. Genetic analyses have demonstrated that multiple RAD genes are required for NER in S. cerevisiae (2) . However, it is not known whether the polypeptide products of all these genes participate directly in the biochemistry of the repair process. It is conceivable that one or more RAD gene products may not be involved in the enzymatic processing of DNA damage but, rather, regulate the expression of other RAD genes or participate in other cellular processes that ultimately affect the enzymatic processing of damage. Such an indirect mechanism was recently proposed for the SSL2 gene of S. cerevisiae, which was identified as an essential gene that is required for translational initiation in yeast (18) . The in vitro NER system described here should allow these hypotheses to be experimentally tested. For example, the demonstration that defective repair synthesis in radl and radiO mutant extracts is corrected with purified Radl and RadlO proteins, respectively, indicates that NER requires the direct participation of the RADl and RADIO gene products. This cell-free system is also expected to facilitate the purification of multiple Rad proteins from yeast crude extracts and to validate the biochemical integrity of Rad proteins purified by the use of nonfunctional assays.
Combined with the extensive genetic analyses and the ease of applying molecular biological techniques to S. cerevisiae, this cell-free system offers a powerful tool for dissecting the molecular mechanism of NER in yeast, thus providing a useful model for understanding eukaryotic DNA repair, including human responses to carcinogenic modification of DNA.
